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ABSTRACT

Context. In the framework of the study of supernova remnants and their complex interaction with the interstellar medium, we report
on an XMM-Newton EPIC observation of the Galactic supernova remnant W49B.

Aims. We investigated the spatial distribution of the chemical and physical properties of the plasma, so as to get important constraints
on the physical scenario, on the dynamics of the supernova explosion, and on the interaction of the supernova remnant with the
ambient interstellar clouds.

Methods. We present line images, equivalent width maps, and a spatially resolved spectral analysis of a set of homogeneous regions.
Results. The X-ray spectrum of W49B is characterized by strong K emission lines from Si, S, Ar, Ca, and Fe. In all the regions
studied, the X-ray spectrum is dominated by the emission from the ejecta and there is no indication of radial stratification of the
elements. A high overabundance of Ni (Ni/Ni, = 10*?) is required in the bright central region and the previous detection of Cr
and Mn line emission is confirmed. Spectra are described well by two thermal components in collisional ionization equilibrium. We
observe spatial variations in the temperature, with the highest temperature found in the east and the lowest in the west.

Conclusions. Our results support a scenario in which the X-ray emission comes from ejecta interacting with a dense belt of ambient
material, but another possibility is that the remnant is the result of an asymmetric bipolar explosion with the eastern jet being hotter
and more Fe-rich than the western jet. The eastern jet is confined by interaction with ambient molecular clouds. Comparison of the
observed abundances with yields for hypernova and supernova nucleosynthesis does not directly support the association of W49B

with a y-ray burst, although it remains possible.

Key words. X-rays: ISM — ISM: supernova remnants — ISM: individual object: W49B

1. Introduction

Supernova remnants (SNRs) are powerful sources of heavy ele-
ments and energy in the interstellar medium (ISM). The super-
nova supersonic material (ejecta) is expelled into the ambient
medium and produces a shock front that heats and ionizes the
ISM. As this shock expands into the ISM, a reverse shock asso-
ciated with the deceleration of the ejecta propagates inward (in
the reference frame of the expanding ejecta), thus heating the
expelled material to X-ray emitting temperatures. The resulting
X-ray emission provides important information about the emit-
ting conditions and the chemical composition of the ejecta.

The galactic supernova remnant W49B is one of the brightest
ejecta-dominated SNRs observed in X-rays. It has a center-filled
morphology in X-rays and a shell-like morphology in the ra-
dio band. According to Rho & Petre (1998), W49B is similar to
mixed-morphology supernova remnants, but its classification is
uncertain. W49B is one of the 10 galactic sources with the high-
est surface brightness at 1 GHz (Moffett & Reynolds 1994). The
diameter of the radio shell is ~4” and the distance to the rem-
nant, estimated on the basis of HI absorption (Radhakrishnan
etal. 1972), is ~8 kpc (considering the corrections by Moffett &
Reynolds 1994).

http://www.edpsciences.org/aa

In the X-ray band, W49B was first detected with the
Einstein Observatory (Pye et al. 1984). The discovery of intense
Fe XXV K line emission by EXOSAT (Smith et al. 1985) in-
dicated that the X-ray emission of W49B is thermal and dom-
inated by the ejecta. This result has been further confirmed by
analysis of the ASCA spectrum (Fujimoto et al. 1995; Hwang
et al. 2000). Ejecta-dominated remnants are expected to be rel-
atively young, and while the age of W49B has not yet been de-
termined accurately, published age estimates are in the range
of ~1000—4000 yr (Pye et al. 1984; Smith et al. 1985; Hwang
et al. 2000). The images of Si, S, and Fe K emission lines ob-
tained with AS CA indicate that the iron emission is confined to
the inner part of the remnant, while silicon and sulfur emission
appears to originate in the outer regions. This result has been in-
terpreted as evidence of a stratified distribution of the elements
(Fujimoto et al. 1995). The analysis of the same ASCA data car-
ried out by Hwang et al. (2000) showed that broadband modeling
of the remnant’s global spectrum requires two thermal compo-
nents and significant overabundances of Si, S, Ar, Ca, Fe with re-
spect to the solar values. Recently, the comparison between data
obtained in X-rays with the Chandra satellite and in the infrared
with the Palomar observatory have revealed new details of the
morphology of W49B (Keohane et al. 2004). In particular, the
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Table 1. Relevant information about the data.

OBS_ID CAMERA 1, (ks)* Mode Filter

0084100401 MOS1 18.6/15.8 Large Wind. medium
0084100401 MOS2 18.7/16.0  Large Wind. medium
0084100401 pn 17.0/12.9  Full Frame  medium
0084100501 MOSI 18.7/16.8  Large Wind. medium
0084100501 MOS2 18.7/16.3  Large Wind. medium
0084100501 pn 17.0/14.6  Full Frame  medium

* Unscreened/Screened exposure time.

presence of an elongated structure in the Fe K emission (inter-
preted by the authors as a jet), and the nondetection of a neutron
star associated with the remnant, have been considered as mak-
ing W49B consistent with theoretical predictions for a collapsar
(e.g., MacFadyen & Woosley 1999) and thus a candidate for a
gamma-ray burst remnant.

Here we present the analysis of an XMM-Newton EPIC ob-
servation of W49B. The high sensitivity of XMM-Newton pro-
vides deep insights into the spatial distribution of the elements
and the physical conditions in the remnant that lead to important
constraints on the physical scenario. The paper is organized as
follows: Sect. 2 presents the EPIC data and describes the data
processing procedure; Sect. 3 presents the X-ray results in terms
of the global spectrum (3.1), imaging (3.2), and spatially re-
solved spectral analysis (3.3). Section 4 discusses the results in
the context of observations at other wavelengths and SN models.
Finally, we draw our conclusions in Sect. 5.

2. Data processing

The XMM-Newton data presented here consist of two obser-
vations: Observation ID 0084100401 and 0084100501 (PI A.
Decourchelle) performed on 3 April 2004 and 5 April 2004
with the EPIC MOS (Turner et al. 2001) and EPIC pn (Striider
et al. 2001) cameras, as summarized in Table 1. Both observa-
tions have the pointing coordinates a (2000) = 19"11™13* and
6 (2000) = 9°7"1”. A third data set 0084100601 (with the same
pointing coordinates) is heavily contaminated by proton flares so
was not used for our analysis.

The data were processed using the Science Analysis System
(SAS V6.1.0). To create light curves, images, and spectra, we
selected events with PATTERN < 12 for the MOS cameras,
PATTERN < 4 for the pn camera, and FLAG = 0 for both. To
eliminate the contamination by soft proton flares, we screened
the data by applying a count-rate limit on the light curves at high
energies (10—12 keV for MOS and 12—-14 keV for the pn cam-
era). With a 61 = 100 s binning for the light curves, we set the
count-rate limit at 18 counts per bin for the MOS cameras, and
22 counts per bin for the pn camera. The exposure times are
given in Table 1. For each camera we merged the screened event
files of the two observations using the task MERGE.

All the images presented here are superpositions of the
MOS1, MOS2, and pn images (obtained using the EMOS AIC
task) and are background-subtracted, vignetting-corrected, and
adaptively smoothed. Despite being relatively small in ex-
tent compared to the XMM-Newton field of view, W49B has
a high X-ray brightness that contaminates the local back-
ground. For this reason, we used the high signal-to-noise back-
ground event files E1_fm0000_M1.fits, E1_00fm00_M?2 fits,
E1_0000fm_PN.fits (obtained using the medium filter) de-
scribed in detail in Read & Ponman (2003). The exposure and
vignetting corrections were performed by dividing the super-
posed count images by the corresponding superposed exposure
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maps (produced using the task EEXPMAP). The pn exposure
maps were scaled by the ratio of the pn/MOS effective areas
to make MOS-equivalent superposed count rate images. We
smoothed the images adaptively to a signal-to-noise ratio of 10
using the task AS MOOT H. The background-subtracted count
images and the background- and continuum-subtracted line im-
ages (Sect. 3.2) were smoothed while accounting for their vari-
ances. The resulting template was then applied to smooth the
associated exposure maps before performing the image division.
The continuum under the lines was estimated by scaling a con-
tinuum band adjacent to the line emission using the continuum
spectral slope derived from the global remnant spectrum. The
energy ranges chosen for the lines and the continua are listed in
Table 2. In all the line bands, the background is $0.5% of the
total signal, except for the 7.65-8.0 keV band where it is ~3.6%
of the total signal. In the continuum band 4.4—6.2 keV, the back-
ground amounts to ~1.3%. In all the images North is up and East
is to the left.

For spectral analysis, we processed the event files with
the EVIGWEIGHT task (Arnaud et al. 2001) to correct for
vignetting effects. For the background subtraction, we used
the same background event files used for the images. Spectra
were rebinned to achieve a signal-to-noise ratio per bin >50,
and the spectral fits were performed simultaneously on the
MOS1, MOS2, and pn spectra in the 1-9 keV band using
XSPEC (Arnaud 1996). The chosen on-axis response files
are ml,2_medv9q20t5r6_all_15.rsp for MOS1,2 spectra and
epn_ff20_sdY9_medium.rsp for pn spectra. All the reported er-
rors are at 90% confidence, as calculated according to Lampton
et al. (1976).

3. X-ray emission

The broadband (1-9 keV) X-ray morphology of W49B obtained
with the EPIC cameras is shown in Fig. 1 (left panel). For com-
parison, the VLA radio image obtained at 327 MHz by Lacey
et al. (2001) is also presented in Fig. 1 (right panel). The X-ray
surface brightness of W49B has its maximum at the center of
the remnant, and shows an elongated barrel-shaped structure ex-
tending for ~5 pc along its east-west axis (labelled b, see Fig. 1).

At the eastern end of the remnant, there is a bright elongated
X-ray structure (labelled a, see Fig. 1), running perpendicular
to the X-ray barrel and parallel to the radio shell (labelled «,
see Fig. 1). The eastern side of W49B is bounded by a large
molecular cloud detected in the 2.12 um molecular-hydrogen
narrow-band image of W49B (Fig. 2). The X-ray barrel b lies be-
tween two radio structures (8 and y) that are parallel to the radio
shell (@) and to the H, emission. The positions of these structures
(B and y) are almost coincident with two coaxial ring-like struc-
tures observed in the 1.64 um [Fe II] image of W49B (Fig. 2).
The X-ray structures a (east) and ¢ (west) lie outside these ra-
dio structures. No intense X-ray emission has been detected in
the south western region of the shell, where copious radio and
[Fe II] emission are observed (0, see Fig. 1). According to Lacey
et al. (2001), there is evidence of stronger interstellar absorption
in this direction. It is reasonable to conclude, however, that no
hard X-ray emission is present in this region.

3.1. Global spectrum

The impressive global EPIC spectrum of W49B in the 1-9 keV
energy band is shown in Fig. 3. The spectrum is dominated by
intense emission lines of He-like and H-like ions of Si, S, Ar
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Fig. 1. Left panel: vignetting-corrected EPIC count-rate image of W49B in the 1-9 keV band. The image is adaptively smoothed (with signal-to-
noise ratio 10) and background-subtracted. The 2 pc scale has been obtained assuming a distance of 8 kpc. The count-rate ranges between 0 and
7.2 x 1073 s71. Right panel: radio image of W49B at 327 MHz (angular resolution 6”) obtained by Lacey et al. (2001). We have superimposed in
black the X-ray contour levels derived from the 1-9 keV EPIC image at 25%, 50%, and 75% of the maximum. The color bar has a linear scale.

Table 2. Parameters used for the production of the line images of Fig. 4 and the equivalent width maps of Fig. 5.

Emission line Line energy band (keV)  Continuum energy band (keV)
S XV Ka 2.35-2.53 2.75-3.0
S XVIKa 2.58-2.7 2.75-3.0
Ar XVII Ker 3.05-3.2 2.75-3.0
Ca XIX Ko 3.8-4.0 3.45-3.7
Fe XXV Ko 6.45-6.9 4.4-6.2
Fe XXV+Ni XXVII K 7.65-8.0 7.05-7.5
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Fig.2. Color composite Chandra X-ray image (in blue), infrared
2.12 um molecular hydrogen (in red), and 1.64 um [Fe II] (in
green) images of W49B (from http://chandra.harvard.edu/
press/04_releases/press_060204.html).

and Ca and by a huge Fe K emission line blend. A phenomeno-
logical modeling of the global spectrum (2 bremsstrahlung for
the continuum + narrow Gaussians for the lines) allows us to
derive the line energies reported in Fig. 3. The emission fea-
ture observed at ~7.8 keV corresponds to a possible blending
of Fe XXV and Ni XXVII K emission lines and is discussed

channel energy (keV)

Fig.3. pn (upper) and MOS (lower) global spectra of W49B in the
1-9 keV energy band, extracted from a circular region covering the
entire remnant (of radius 3.3’ corresponding to ~7.7 pc). Line energies
have been determined using narrow Gaussian components on top of
a thermal bremsstrahlung continuum. Note that to reproduce the con-
tinuum at energies below the Si K lines, an additional bremsstrahlung
component is required.

in Sect. 3.4. The continuum above 2.3 keV is described well
by a thermal bremsstrahlung model with k7T = 1.69 keV and
Ny = 5.3 x 10?2 cm™2; this model has been used to estimate
the continuum under the lines given in Table 2. Unlike the
AS CA spectrum (Hwang et al. 2000), the XMM-Newton global
spectrum cannot be correctly fitted by a two-component ther-
mal model (reduced y? ~ 2.4). This indicates that the emission
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originates from physically inhomogeneous regions. Spatially re-
solved spectral analysis of homogeneous regions is required to
correctly reproduce the spectra with 2-component models, as
discussed in Sect. 3.3.

In the analysis of the ASCA global spectrum of W49B,
Hwang et al. (2000) have found evidence of the presence of two
new emission line features (at ~5.7 keV and ~6.2 keV) that are
not included in the currently available atomic database for X-ray
spectral modeling. These were attributed to the He-like Cr tran-
sitions (forbidden line at 5.655 keV; resonance line at 5.682 keV)
and the He-like Mn transitions (forbidden line at 6.151 keV;,
resonance line at 6.181 keV). Our XMM-Newton data confirm
this detection. Modeling the global spectrum of the remnant in
the 4.4—6.4 keV band with a thermal bremsstrahlung contin-
uum, we found a clear excess in the residuals corresponding
to these transitions. These lines can be reproduced by adding
two Gaussian components to the bremsstrahlung model to de-
termine the line energy and flux. We found, respectively for Cr
and Mn, line centroid energy Ec; = 5.66 + 0.01 keV and flux
Fcr = 2.5 + 0.4 x 1073 photons cm™2 57!, Eyp, = 6~19t8:8}1 keV
and Fyy = 1.0 + 0.3 x 107 photons cm™2 s7!, in good agree-
ment with the values reported by Hwang et al. (2000): Ec, =
5.697902 keV and Fer = 3.0f(1)'8 x 107 photons cm™ s7!;

-0.03 1
Enn = 6.17 £ 0.05 keV and Fy, = 13734 x 107 pho-

tons cm~2 s~!. The addition of the Cr Gaussian leads to a re-
duction of y2, 6y = 111 for 616 d.o.f.; adding the Mn Gaussian
gives an additional ¢’y> = 28 (to be compared with the val-
ues obtained with the AS CA spectrum: §y* = 20 for 61 d.o.f.
and ¢’y> = 10). We found no indication of the presence of
the Ti Hea line (at 4.97 keV), obtaining an upper limit for the
flux Fry < 3.6 x 107° photons cm™2 s~!, which is more strin-
gent than the one reported from ASCA (Fp; < 2 x 107 pho-
tons cm~2 s~!, Hwang et al. 2000). The flux of the Cr and Mn
lines contributes ~3% of the total flux in the 4.4—6.4 band.

3.2. Imaging

The spatially resolved spectral study of the emission in the dif-
ferent lines provides information about the spatial distribution
of the synthesized elements and the chemical composition of the
X-ray emitting plasma. On the basis of low angular resolution
AS CA images of W49B, Fujimoto et al. (1995) argued that the
sulfur emission, unlike the iron emission, was associated with
the outer envelope of the remnant and not related to the bright
4—-6 keV continuum emission from the center.

To investigate both this claim and the suggested radial
stratification of the elements, we produced background- and
continuum-subtracted line images of S, Ar, Ca, Fe, and Ni lines
(see Table 2 and Fig. 4). The Si emission line images shown
in Fig. 6 are discussed in Sect. 3.3.1. The S H-like line image
is very similar to the S He-like line image and therefore is not
shown in the figure. All the line images present a bright centrally
barrel-shaped morphology similar to the 4.4—6.2 keV continuum
emission, as shown in Fig. 4. Overall, there are no significant dif-
ferences between the morphologies in the Si, S, Ar, Ca, and Fe
lines (although some detailed structures may differ as we discuss
later). This result does not agree with the line-imaging results
obtained for the lower-Z elements with AS CA data (see Fig. 4 in
Fujimoto et al. 1995).

A detailed analysis of the Fe K line image in Fig. 4 (lower
left panel) shows that the iron emission differs from that of
lower-Z elements in the western part of the remnant. In partic-
ular, regions 6 and 7 do not have significant Fe line emission,
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while they do have significant emission from Si, S, Ar, and Ca.
The lower statistic Fe XXV+Ni XXVII image of Fig. 4 (lower
right panel) presents a morphology that is fully consistent with
the Fe K image.

To disentangle higher element abundances in the bright line
image structures from higher emission measure (which might
be caused by either higher density or higher emission vol-
ume), we produced equivalent width maps as shown in Fig. 5.
These depend linearly on the abundances, but are also af-
fected by the temperature, column density, and ionization age.
These images were constructed by dividing the background- and
continuum-subtracted line images by the corresponding under-
lying continuum. Before the division, the estimated continuum
map was adaptively smoothed using the same template as used
for the background- and continuum-subtracted line images. As
explained in Sect. 2, the underlying continuum is estimated from
continuum regions adjacent to the line emission, under the as-
sumption that the continuum has a uniform spectral slope over
the entire SNR. As shown in Fig. 5, the S map is clearly different
from the other maps, but the equivalent width images of Ar, Ca,
Fe, and Fe+Ni all show similar features. In particular, all these
maps show higher equivalent widths in the central and eastern
parts of the remnant than in the western part, with maxima cor-
responding approximately to regions 1 and 3. This is particu-
larly true for iron. In the Ar map there is an indication of non-
negligible equivalent widths in the western regions 6 and 7.

As the S H-like and He-like line images are very similar, we
used the combined 2.35-2.7 keV band to improve the statistics
of the sulfur equivalent width map as shown in Fig. 5 (upper left
panel). The map appears patchy and shows no clear structures.
Given the relatively low line energies, the map may be affected
by local variations of Ny, as we shall see in Sect. 3.3.1.

In conclusion, the line emission maps of all the observed ele-
ments show a centrally elongated bright structure in good agree-
ment with the morphology of the continuum. The equivalent
width images indicate that Ar, Ca, and Fe may be more abundant
in the central and eastern parts of the remnant than in the west.
The high values of the equivalent width are therefore not re-
stricted to the barrel-like structure, but extend to the eastern side
of the remnant, as illustrated in Fig. 5 (lower right panel), where
we show the contours of the iron line image superimposed on
the iron equivalent width map. A clear drop-off of the equivalent
width is observed towards the western side. This effect is par-
ticularly strong for iron, and is less pronounced for the lower-Z
elements, which show significant equivalent widths in the west.
While we thus find an East/West abundance anisotropy, we find
no clear evidence of radial stratification of the elements.

3.3. Spatially resolved spectral analysis

To quantify the equivalent width map results for the element dis-
tributions, we performed a spatially resolved spectral analysis
that allowed us to study the physical and chemical characteristics
of the plasma in detail in different parts of the remnant. In partic-
ular, we analyzed the spectra extracted from seven fairly homo-
geneous regions shown in Fig. 4 (lower left panel) and in Fig. 5.
While this set of regions does not cover the entire remnant, it
does allow us to study the spatial variations of the spectral prop-
erties in the X-ray emitting plasma. In order to analyze spectra
extracted from physically uniform regions, we produced a MOS
mean photon energy map (i.e., an image where each pixel holds
the mean energy of the detected MOS photons) in the contin-
uum band 4.4-6.2 keV. The shape and size of the seven regions
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Fig. 4. Vignetting-corrected and continuum-subtracted EPIC count rate images of the continuum (4.4—6.2 keV, upper left), S XV K (2.35-2.53 keV,

upper right), Ar XVII K (3.05-3.2 keV, central leff), Ca XIX K (3.8-4.0 keV, central right), Fe XXV K (6.45-6.9 keV, lower left), and

Fe XXV+Ni XXVII K (7.65-8.0 keV, lower right). All images are adaptively smoothed with signal-to-noise ratio 10. The 7 regions selected

2.1 x 107 s~! (Fe+Ni). The color bar has a linear scale.
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for spatially resolved spectral analysis are shown in the Fe XXV K line image, while the ellipse in the Fe XXV +Ni XXVII K line image indicates
- (Ca)

the region used for the detection of the Ni line (Sect. 3.4). The count rates range between 0 and: 8.6 x 107 s7! (continuum); 3.4 x 107 s7! (S);

1.7x 107* s7' (Ar); 1.9x 107 s
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Fig. 5. Equivalent-width maps of the S He-like and H-like line emission in the 2.35-2.7 keV band (upper left), of the Ar XVII K blend
(3.05-3.2 keV, upper right), of Ca XIX K (2.35-2.7 keV, central left), of Fe XXV K (6.45-6.9 keV, central right), and of the Fe XXV+Ni
XXVII K emission lines in the 7.65—8.0 keV band (lower left). In the lower right panel we have overlaid the 75%, 50%, and 25% contour levels
of the corresponding line image (Fig. 4, lower left panel) on the Fe XXV K equivalent width map. The ranges of the equivalent width maps are:
0.245-0.6 keV (S), 0.07-0.13 keV (Ar), 0.085-0.18 keV (Ca), 0-12.1 keV (Fe), 0.315—1.4 keV (Fe+Ni).
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Fig. 6. Vignetting-corrected and continuum-subtracted EPIC count rate image of the Si XIII Ke (1.77-1.9 keV, left panel) and Si XIV Ke
(1.96-2.06 keV, right panel). The images are adaptively smoothed with signal-to-noise ratio 10. The count rates range between 0 and 2.3 10~ s~

for Si XIII and 1.7 x 10~*s~! for Si XIV. The color bar has a linear scale.
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Fig. 7. pn (upper) and MOS (lower) spectra of region 2 with the corresponding best-fit model and residuals obtained with one thermal component
(left panel) and with two thermal components (right panel). The contribution of the two components for the MOS camera is indicated in the right
panel in cyan for the cooler component and blue for the hotter component.

were chosen in order to have very small fluctuations of the mean
photon energy (~1%) and a sufficient number of photons.

Regions 1 and 2 are located on the X-ray eastern, elon-
gated structure along the radio shell (labelled a/« in Fig. 1), at
its northern and southern ends, respectively. They both exhibit
high values in the equivalent width maps. Regions 3 and 4 cover
the brightest part of the centrally barrel-shaped X-ray structure:
region 3 corresponds to the maximum of the continuum emission
in the 4.4-6.2 keV band (Fig. 4, upper left panel), and region 4
corresponds to the highest Fe K line emission region (Fig. 4,
lower left panel). Region 5 follows the western radio structure y
(Fig. 1). Region 6 covers the western X-ray structure ¢ and, fi-
nally, region 7 lies on the faint south western structure that is
seen in the continuum and K line emission of S, Ar, Ca, but not
of iron.

3.3.1. Spectral modeling and results

We first modeled the extracted spectra using XSPEC with a sin-
gle MEKAL model of an optically-thin thermal plasma in colli-
sional ionization equilibrium (Mewe et al. 1985, 1986; Liedahl
et al. 1995). Good fits to the spectra require non-solar abun-
dances for Si, S, Ar, Ca, and Fe. All other element abundances
were fixed at their solar values. To account for the contribution
from the Cr line (Sect. 3.1), we added a narrow Gaussian com-
ponent with fixed energy; it was not necessary to account for the

Mn line. We also added a systematic 5% error term to reflect the
estimated 5—10% uncertainties in the calibration of the instru-
mental effective area. The reduced y? values obtained using the
two MOS and the pn cameras range from 1.3 (with 354 d.o.f.),
for region 5, to 1.7 (445 d.o.f.) for region 2. Above 2 keV, the
models describe the continuum and emission line spectra quite
well, but these single-temperature models severely underpredict
the Si XIII Ke line, as illustrated in Fig. 7 (left panel). The best-
fit parameters for these fits are thus not reported here. The same
problem was encountered by Hwang et al. (2000) in the model-
ing of the AS CA global spectrum. We found that the quality of
the fits does not significantly improve if a single non-equilibrium
ionization (NEI) model is used instead.

We obtained a good description of the spectra by adding
a second thermal MEKAL component in collisional ionization
equilibrium. We required the two components to have the same
abundances and to be absorbed by the same interstellar column
density. The spectra are also well-described if the soft compo-
nent has solar abundances and is in nonequilibrium ionization
(PSHOCK model). In this case the temperatures of the two com-
ponents (NEI+CIE) are comparable to those obtained for the
two CIE components, but the fits give somewhat higher chi-
squared values. For example, in region 2: X12\151 +ce = 929.7 (with
442 d.o.f.) and X%CIE = 506.7 (443); in region 4: XIZ\IEHCIE =
821.2 (673) and X%CIE = 793.5 (674); in region 6: Xlz\IEI+CIE =
1064.1 (843) and X%cn«: = 1059.3 (844). We therefore adopt
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Table 3. Best-fit parameters for the spectra extracted in the seven regions shown in Fig. 4 (lower left panel), described with two thermal components
in collisional ionization equilibrium. All errors are at the 90% confidence level.

Parameter Region 1 Region2 Region 3 Region 4 Region 5 Region 6 Region 7
Ny (10%22 cm™) 45+0.1 4.221’%%‘ 4.8j%% 45+0.1 4.31’%:% 4.61 +0.05 4.36f§:§§
kT, (keV) 0.90j§§2 0'75t8:05 0-92toﬁog 0.8+0.1 0.961’8:93 0.78f§:§2 0.821’8:06
EM; (10%* cm™) 0'5t8:31 1.161’8:(},9 1.2+£0.2 1.3j%g 0.8“:8:*% l.lf% 0.921’0:(‘)5
kT, *(keVZ)O Py 3.0505 2.19% 006 2.6 i+00].2 2.35;8:(]1)3 2.2755 1.77;8:93 2.00 = 0.04
E.Mz. (10" cm™)  0.5+0.1 1.1+0.1 1.8% 1.95% 008 1.4+0.3 2.2%0 1.3+0.1
Si/Sig 22+04 3.4f8'i 3704 29+03 2.4%03 2.3+0.1 2.1f8§
S/Se 4105 41x03 4.6j§;§ 3.6j§;g 2.7j§}§ 2,492 2.8+03
Ar/Arg 5.6’:5:& 3.8+0.6 4.9% e 4.1’:8:; 2.6+0.6 28+0.3 3.4f§§
Ca/Cag 8+1 6.6fg:§ T+1 6.9’:8:; 4.7“_’%:3 4.4“:0:‘5‘ 5.2“_’8:2
Fe/Feg 5.2f8:2 51+03 S.Ifgig 5.6:):‘31 2.6:'0% 2.5f§:; 1.6:'0:%
x-/d.of. . . . . . . .
2/d.o.f 208.8/244  506.7/443  800.0/646 793.5/674  403.2/352 1059.3/844  566.3/434
fi 0.08j8182 0.1 lfgjgg‘ 0.08 £0.04 0.08 £0.03 O.lOfg:gg 0.09“:8:82 0.1 1“:;:8‘3‘
ny (cm™) 63 7ff 7f‘2‘ 8+2 53 7f‘2‘ 5.5%0,
1, (cm™) 1.8f8§ 2.5f8‘f 2.6+0.2 2.6f8‘? 23+02 3.0fg‘§ 23+02

* Emission measure per unit area.

the two CIE component model hereafter, while cautioning the
reader that the high interstellar absorption complicates the de-
scription of the soft component and hence the discrimination
between these two models.

Figure 7 shows a representative spectrum, extracted from
region 2, with the best-fit model and residuals for two thermal
components (right panel) and, for comparison, a single ther-
mal component (left panel). The best-fit parameters for all seven
spectral regions are given in Table 3.

The values of Ny in the different spectral regions range ap-
proximately from 4.2 x 10?> cm~2 to 4.9 x 10?> cm~2 (compared
with the global Ny = 5.0*03 x 10** cm™ estimated by Hwang
et al. 2000). To produce the line and the equivalent-width im-
ages (see Sect. 3.2), we estimated the continuum contribution
under the lines by assuming a uniform absorbed slope of the
continuum based on the global spectrum of W49B. For low en-
ergy lines, spatial variation of the column density over the rem-
nant can thus introduce errors in the line and equivalent width
images. In particular, where Ny is higher than its global aver-
aged value, we may overestimate the continuum under the line
and hence underestimate the equivalent width. We observe this
kind of effect in the S equivalent width image (Fig. 5, upper left
panel), where there is a minimum in region 3 with a mean value
of 0.32 keV, corresponding to the highest value of the column
(Nyg = 4.8f8:;), and a higher mean equivalent width of 0.4 keV

in region 2, which has a lower column (Ny = 4.22f8:8§).

Variations in column density may also affect the Si images,
but in this case there is no clear relation between such variations
and inhomogeneities in the equivalent-width map. This proba-
bly indicates that other effects are also present. As explained
above, a single temperature model provides a good overall de-
scription of the spectra in the 1-9 keV band, but fails to re-
produce the observed Si line flux in the narrow energy range
1.7-1.9 keV. It is therefore possible that the Si He-like emis-
sion originates predominantly in a plasma with different physical
conditions than the one responsible for the other emission lines.
As shown in Fig. 6, the He-like line morphology resembles that
of the Si H-like emission, as well as the S, Ar, and Ca line emis-
sion. The Si equivalent width maps (not presented here) have ir-
regular patchy features at odds both with those seen for the other
elements and with the spatially resolved spectral analysis. This
is probably because the continuum of the hard component is not

negligible at low energies, even though the Si He-like line emis-
sion itself is associated with the soft thermal component (see the
right panel of Fig. 7).

We observe larger variations for the temperature of the hotter
component kT, (1.75-3.3 keV) than for the cooler component
kT (0.7-1.05 keV), but do not measure any radial temperature
structure (see Table 3). The temperature of the hotter component
is at a maximum in region 1 at k7, and decreases significantly
moving southward along the X-ray elongated a structure to
region 2. This temperature also decreases towards the western
side of the remnant (from region 3 to region 6). We observe that
the difference between the continuum surface brightness of re-
gion 3 (i.e. the brightest region in the continuum band 4.4-6.2
keV) and region 4 is caused by the higher temperature in region
3, and not by differences in the emission measure.

In Table 3, the parameter EM indicates the values of
the emission measure per unit area, which is the product
of the square of the particle density times the extension of
the plasma along the line of sight. These values are in the
range 0.3—1.7 x 10?° cm™ for the cooler component, and
0.4-3.5x 10%° cm™ for the hotter component. In region 6 we
have the highest values for both EM; and EM,. Associated with
the decreasing trend of 7, we note that the corresponding emis-
sion measure EM, is slightly higher in region 6 than in regions 3
and 4.

We used the best-fit values of temperature and emission mea-
sure to derive the plasma density (indicated with n in Table 3)
and the filling factor (f) of each component, obtained as in
Bocchino et al. (1999). These quantities were derived by as-
suming pressure equilibrium between the two components and
assuming that in each spectral region the extension of the X-ray
emitting plasma is equal to the length of the chord intercepted
by the radio shell (approximated as a sphere with angular radius
¢ = 2.15) along the line of sight. The filling factor of the cool
component is <0.1, and the densities of the two components are
almost uniform across the remnant.

We found significant element overabundances in all the
spectral regions: all the elements have fitted abundances
>1.5 (at 90% confidence level) with respect to their solar
value. This attests to the origin of the emission in the ejecta.
Moreover, higher abundance values are found for the central
and eastern regions compared to the western regions, in good
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agreement with the results of our image analysis. All abundances
are lower in regions 5, 6, and 7, with the largest decrease ob-
served for the Fe abundance, as expected. For example, the ra-
tio (Ar/Ary)/(Fe/Feg) is 0.7 £ 0.1 in region 4 and 1.8 + 0.3 in
region 6, while the ratio (Ca/Cagy)/(Fe/Fey) is 1.2 = 0.2 in
region 4 and 1.8i83 in region 6. This agrees with the consid-
erations discussed at the end of Sect. 3.2, where regions 6 and 7
show low equivalent widths for iron, but nonnegligible line emis-
sion and line equivalent widths for the lower-Z elements. All the
abundances reported in Table 3 are given as the ratio of the num-
ber density of the respective element to the number density of
hydrogen expressed in units of the solar value of this ratio. In a
pure-ejecta plasma (where hydrogen emission is negligible), this
ratio would be ill-defined, and the spectral shape would only de-
pend on the relative abundances of the heavy elements. We veri-
fied that this is not the case for our fits. In fact if we scale all the
abundances by the same factor F', we obtain significantly higher
y? values for F 2 1.5. Therefore the abundances in Table 3 are
well-defined and above solar.

In each spectral region we also obtained another y? mini-
mum with K7} ~ 0.2 keV. This value agrees with the results ob-
tained with the AS CA data by Hwang et al. (2000) and Kawasaki
et al. (2005). In this case, however, we found very high val-
ues for the emission measure per unit area of the cool compo-
nent (EM; 2 10> cm™), which would imply unrealistically
high values for the filling factor (f; ~ 0.5) and the density
(n; ~ 50 cm™3). In what follows, we therefore only discuss the
results presented in Table 3.

3.4. Evidence of Ni overabundance

Thanks to the high XMM-Newton effective area at high energies,
it was possible to detect a strong emission feature at ~7.8 keV,
with possible contributions from both Fe XXV and Ni XXVII.
The Ni XXVII emission line has been previously detected in
only one SNR, Cas A (Bleeker et al. 2001; Willingale et al.
2002). This emission blend can be used to set constraints on
the Ni abundance in W49B. Since the photon statistics for the
seven individual spectra do not allow us to resolve the features
in the 7.65-8.0 keV band in detail, we extracted the spectrum
from the larger elliptical region shown in Fig. 4 (lower right
panel). This region covers the area of highest surface bright-
ness in the 7.65-8.0 keV band. We fitted the spectrum in the
1-9 keV band with the 2-component thermal model used for the
spatially resolved spectral analysis. Table 4 gives the best-fit pa-
rameters derived both by fixing the Ni abundance to the solar
value (second column) and by fitting the Ni abundance as a free
parameter (third column). We can reproduce the Fe XXV and
Ni XXVII K line blends better by fitting for the Ni abundance.
The F-test gives the probability that the improvement of the fit
is insignificant as <107!°. We conclude that there is convincing
evidence of Ni overabundance (Ni/Nig = IOff) in the centrally
barrel-shaped structure of W49B.

3.5. Overionization

Through their analysis of the AS CA global spectrum, Kawasaki
et al. (2005) claimed the presence of “overionized” plasma in
W49B. In particular, they measured the intensity ratio of the
H-like to the He-like Ke lines of Ar and Ca to obtain the ion-
ization temperature 7, and found that 7, is higher than the
electron temperature 7, estimated from the continuum of the
X-ray spectrum. We performed the same analysis by modeling
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Table 4. Best-fit parameters for the spectrum extracted from the ellip-
tical region shown in Fig. 4 (lower right panel) and reproduced by two
thermal components in collisional ionization equilibrium. All errors are
at the 90% confidence level.

Parameter Ni/Nip =1 Ni thawed
Ny (102 cm™) 4.60*0 4.68+00
kT (keV) 0.87j8;3§ 0.86j8;3§
EM; (10 cm™) 1.13j§;§;* 1.1j§;§
kT (keV) 2.35+00 2.2+02
EM; (10° cm™)  1.79+9% 1.82+00
Si/Sio 3.3j08{f4 33£02
S/Se 3.70.1 37401
Ar/Ar, 42403 42743
Ca/Ca, 6.3+0.5 6.4+0.5
Fe/Fe, 5.5%03 6.0%01
Ni/Nig 1 10
X*/d.o.f. 1847.8/1327  1584.3/1326

* Emission measure per unit area.

the XMM-Newton global spectrum in the 2.75-6.0 keV band.
We modeled the continuum and estimate 7. with a zero metal-
licity VMEKAL component and included four narrow Gaussian
components to model the Ar and Ca lines and a fifth Gaussian
component for the Cr line. We considered absorption column
densities of Ny = 4.6x10%2 cm™2 and Ny = 5.23%10%? cm™2 (the
value adopted by Kawasaki et al. 2005). For those column densi-
ties, we obtained electron temperatures of k7. = 1.80+0.03 keV
and 1.66* )07 keV, respectively. We find no evidence of overion-
ization for Ar, given the respective ionization temperatures of
kT, = 1.68 + 0.07 and kT, = 1.64’:8:82. For Ca, the ionization
temperature does seem higher than the continuum temperature:

KT, = 2,010} with Ny = 4.6 x 10 em™ and AT, = 2.04°0},

with Ng = 5.23 x 1022 cm~2. However, we caution the reader
that these estimates may not be reliable because the global spec-
trum originates from physically non-uniform regions of W49B
that have different temperatures and abundances. A case in point
is that the estimates of the electron temperatures obtained from
the global spectrum are significantly lower than those obtained
from our spatially resolved spectral analysis of homogeneous re-
gions (see Sect. 3.3 and kT, values in Table 3). We therefore
repeated our analysis for the more uniform central region indi-
cated by a white ellipse in the lower left panel of Fig. 5. This is
where the overionization effects are expected to be strongest in
the scenario proposed by Kawasaki et al. (2005). Our analysis
shows that these effects are not present. Using the same model
described above in the 2.75-6.0 keV band, we found for Ny =
4.6 x 10> cm™2 and Ny = 5.23 x 10?> cm™2: electron tempera-
tures of kT, = 2.4 + 0.1 keV and kT, = 2.25*%, Ar ionization
temperatures of k7', = 1.9f8:; and kT, = 1.8+0.1, and Ca ioniza-

tion temperatures of k7, = 2.3’:8:; and kT, = 2.2+0.2. Given that
kT, is always slightly lower than or consistent with kT, we con-
clude that there is no indication of overionization in the central

region of W49B.

4. Discussion

On the basis of low angular-resolution ASCA line images,
Fujimoto et al. (1995) argued for stratification of the SN ejecta
in W49B, with iron confined to the inner region and lower-Z ele-
ments (Si and S) forming an outer envelope. This hypothesis was
supported by the analysis of the global spectrum, with the inten-
sity ratios of Ly and Hea giving different ionization ages for Si,
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S, Ar, and Ca. Hwang et al. (2000) pointed out that, while this
conclusion is compatible with the AS CA spectrum, no difference
in the ionization ages is required if the data are modeled with a
two-component thermal plasma. The analysis of XMM-Newton
data allowed us to discriminate between these two scenarios.
Our spatially resolved spectral analysis has shown that a cor-
rect fit of the spectra requires two thermal components and that
these two components are compatible with collisional ionization
equilibrium, both at the center and in the outer parts of the rem-
nant. Moreover, as explained in Sect. 3.2, our line images and
equivalent width maps exclude a radial stratification of the ele-
ments in the ejecta, with Fe K emission confined to the inner part
of the X-ray emitting region and lower-Z emission lines origi-
nating in an outer shell. In fact, both the central barrel-shaped
structure and the eastern elongated structure of the SNR have
high abundances of Ar, Ca and Fe, while the western part has
lower abundances.

The physical conditions of the plasma are not uniform in
W49B. The highest temperatures are found in the northern end
of the elongated eastern structure (labelled a) and in the central
barrel-shaped structure (labelled b). The lowest temperatures are
found in the western part of W49B and in the south eastern zone.
Assuming pressure equilibrium between the two components, no
significant variations in the plasma density across the remnant
are observed. The observed X-ray emission originates in the SN
ejecta, and Si, S, Ar, Ca, Fe, and Ni are all highly overabundant
with respect to their solar values. They have almost the same
values in structures a and b, and are lower (but still overabun-
dant) in structure c. No clear evidence of X-ray emission from
the shocked ambient medium is present. In fact, the results of the
spatially resolved spectral analysis suggest that both the X-ray
emitting components are associated with overabundant plasma.
This agrees with the similarity of the morphology between the
Si He-like emission blend (associated with the cooler compo-
nent) and the other emission blends (associated with the hotter
component). As explained in Sect. 3.3, however, the high ab-
sorption column inhibits the possibility of a detailed study of the
soft component in that it is not easy to determine its morphology.
Furthermore, the contribution of the hot component is significant
even below 1.7 keV, so that it is not possible to produce a clean
image of the soft component. We therefore cannot rule out the
possibility that the soft component may be associated with the
shocked circumstellar or interstellar medium.

It is interesting to consider to what extent the complex
morphology of W49B, and the inhomogeneities in tempera-
ture and abundance, are caused by the dynamics of the SN ex-
plosion or by the remnant’s interaction with its environment.
Recent 2.12 micron infrared imaging observations have revealed
a shocked molecular H; cloud that confines the remnant (Fig. 2).
The circular distribution of the molecular cloud around the SNR
has probably been shaped by strong stellar winds from the pro-
genitor star pushing out the ambient interstellar material to its
current location and forming a cavity. Infrared [Fe II] observa-
tions at 1.64 um reveal a barrel-shaped structure with four coax-
ial rings of warm gas, which has been interpreted as residuals of
a strong stellar wind (Keohane et al. 2004).

The morphology of the eastern region of W49B has clearly
been shaped by the ambient molecular cloud. Despite their sim-
ilar abundance values, the eastern a and central b regions have
very different morphologies. The fact that region a is almost per-
pendicular to region b is probably due to its confinement by the
large H, cloud to the east. The [Fe II] observations show that
the cavity is an inhomogeneous environment for the supernova
remnant expansion.

M. Miceli et al.: X-ray observation of W49B

In contrast, there are no observed interstellar structures that
might have shaped the elongated structure of the central X-ray
barrel b. This centrally barrel-shaped structure thus may have
been produced directly by the supernova explosion or by pre-
existing structures in the ambient stellar wind material.

The central barrel morphology seen in the Chandra Fe K im-
age has been attributed to a bipolar jet and taken as evidence
that W49B is a y-ray burst (GRB) remnant'. The presence of
such an elongated morphology, however, does not necessarily
reflect a jet-like explosion. A similar elongated central bright
structure has been observed with Chandra in the G292.08+1.8
remnant, but Park et al. (2004) showed that its emission is asso-
ciated with normal chemical composition plasma that originates
in shocked dense circumstellar material rather than in shocked
ejecta. Unlike for G292.08+1.8 SNR, our analysis suggests that
the X-ray emission in the central X-ray barrel of W49B is dom-
inated by ejecta, although we cannot rule out the possibility that
the soft component comes from solar abundance material. The
scenario proposed for G292.08+1.8 can nevertheless be invoked
for W49B. It is possible that the barrel-like X-ray emission re-
flects the morphology of the ambient medium across the rem-
nant. While no dense structures are visible toward the North and
South of W49B (as shown in the infrared image of Fig. 2), we
may assume the ambient medium to be enhanced in the central
zone, forming a torus-like structure all across W49B. According
to this scenario, the cold component may be associated with the
thin belt of material heated by the transmitted shock travelling
into the ISM structure. This would explain the low values of the
filling factor of the soft component. The hot component is as-
sociated with the ejecta interacting with the reflected shock. In
this case, only the material expelled in the plane of the torus is
interacting with the reverse shock and heated by it. Notice, how-
ever, that according to our estimates of the plasma density for the
spectral regions, the total mass of the ejecta in the hot component
in these regions is ~8 M. This indicates that, if we assume that
we are observing only a small fraction of the ejecta, we probably
overestimate the total expelled mass.

Another possibility is that the barrel is associated with a
bipolar ejecta jet interacting with the cavity wall visible at the
eastern end of the remnant. In this case we have to assume that
the density contrast has driven a very strong reverse shock that
has now reached the center of W49B. Moreover, we have found
that structures a and b have similar abundance values and, there-
fore, that a could be considered as the head of the eastern jet. The
scenario that emerges is that this jet has been distorted to deviate
mostly southwards by its impact with the H, wall. In this frame-
work, we would have a highly anisotropic bipolar jet, where the
eastern arm is significantly more extended, hot and Fe-rich than
the western one.

Jet-like explosions have been investigated as possible mech-
anisms for y-ray bursts (GRB), because a spherically symmet-
ric GRB would require an extremely high energy (several times
the solar rest mass). A link between very energetic SNe and
GRBs has been found by Galama et al. (1998), who showed
that the bright type Ic SN 1998bw (with an estimated energy
E ~ 3 x 10°% erg, Iwamoto et al. 1998) is the probable opti-
cal counterpart of the y-ray burst GRB 980425. Observations
of SN 1998bw have shown strong indications of asphericity in
the explosion (Mazzali et al. 2001). Indications of aspherical
explosions have also been found in many other hypernovae, i.e.

! http://chandra.harvard.edu/press/04_releases/
press_060204.html
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Fig. 8. Elemental abundances in the central X-ray barrel of W49B (red
crosses, see Table 4), normalized to the Fe abundance relative to the
solar values (Anders & Grevesse 1989), compared with the yields ob-
tained from the aspherical explosion models 25a (boxes) and 25b (dia-
monds) and from the spherical model 25Sa (stars) of explosive nucle-
osynthesis by Maeda & Nomoto (2003). The Cr and Mn abundances in
the central barrel have been derived from the Ar abundance following
Hwang et al. (2000).

supernova explosions with E 2 1032 erg (for a review on hyper-
novae see Nomoto et al. 2003).

The relationship between asymmetric hypernovae and GRB
agrees with the collapsar model (MacFadyen & Woosley 1999),
in which the collapse of a massive rotating core can generate a
black hole and supersonic jets that propagate through the star.
The nebular spectrum of SN 1998bw is reproduced by such a
model well. Khokhlov et al. (1999) have shown that this mech-
anism produces a highly aspherical explosion with bipolar fast
jets. A bipolar explosion does not necessarily imply a GRB,
however, because a high explosion energy (210°? erg) is also
required.

To investigate the possibility that W49B is a GRB remnant,
we compared the abundance values found in the a barrel (see
Table 4) with those obtained from models of explosive nucle-
osynthesis in bipolar explosions by Maeda & Nomoto (2003).
In particular, we compared the expected and observed ratios
(X/X5)/(Fe/Feg) for X = Si, S, Ar, Ca, Cr, Mn, and Ni (for Cr
and Mn we assumed the same ratios as observed for Ar, in agree-
ment with the estimates given in Hwang et al. 2000). None of
the models can reproduce the entire observed abundance pattern.
The hypernova models with zero-age main-sequence progeni-
tor mass Mzams = 40 M, and explosion energy E > 10°% erg
strongly disagree with the observed values (with very large dis-
crepancies for the Si, S, and Ar abundances). We obtained better
results with the less energetic models 25A (E = 6.7 x 10°! and
Mzams = 25 M) and 25B (E = 0.6x10°! and Mzams = 25 M).
We also found relatively good agreement with the spherical ex-
plosion model 25Sa (E = 1 X 10" and Mzams = 25 Mg). The
predicted values of these three models and our observational
findings are summarized in Fig. 8. There is good overall agree-
ment for Ar through Ni, but the observed abundances of Si and
S are not well reproduced.

While the observed abundance pattern in W49B does not
favor a hypernova explosion of sufficient energy to generate a
GRB, we cannot definitely exclude the possibility that W49B
was related to such an event.
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5. Summary and conclusions

Our study of the XMM-Newton observations of the Galactic su-
pernova remnant W49B has shown that:

The remnant presents a complex X-ray morphology charac-

terized by centrally barrel-shaped emission (), terminated

on the eastern side by an elongated perpendicular struc-
ture (a), and on the western side by a more diffuse, nearly

aligned structure (c).

The physical conditions of the plasma are not homogeneous

throughout the remnant. Lower temperatures are found in the

remnant’s western end, while hotter regions are located in the
center and northeast.

A high Ni overabundance (Ni/Niy = 10’:%) was measured in

the central barrel, and the presence of Cr and Mn lines in the

global spectrum is confirmed.

We found no evidence of overionization of the plasma in the

center of W49B.

— The X-ray emission from all the observed regions of W49B
originates in the ejecta, based on significant element over-
abundances of Si, S, Ar, Ca, and Fe. The equivalent-width
maps of W49B and a detailed spectral analysis of individual
regions both show that the central (b) and eastern (a) struc-
tures have similar abundances, and the western (c) region
exhibits lower abundances. This decrease is particularly pro-
nounced for iron.

— The X-ray morphology of W49B may be attributed to pre-
existing structures in the ambient medium, which may have
produced an aspherical reverse shock, or, alternatively, to an
aspherical supernova explosion in a wind cavity (bounded
by molecular clouds on the eastern side of the remnant).
Because it has abundances similar to those in the central bar-
rel, the eastern structure a can be considered as the head of
the jet. It is distorted and deviates mostly southward due to
its impact with the dense molecular wall that confines its ex-
pansion to the east.

— We investigated the possibility that W49B is a y-ray burst

remnant by comparing the observed abundances with yields

derived from supernova and hypernova nucleosynthesis
models. We found better agreement with the less energetic

(E ~ 10°! erg) models. The association of W49B with a

GRB is therefore not necessarily implied by the spectral data.
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